This study aimed at elucidating the branching pattern of striatal and thalamic projections arising from prelimbic (Cg3) cortex in the rat. Small pools (5-15 cells) of neurons were microiontophoretically injected with biotin-dextran or biocytin and their labeled axons were individually reconstructed from serial horizontal sections immunostained for calbindin-D28k to delineate striatal patch/matrix compartments. Reconstruction of >40 axons shows that all Cg3 corticofugal fibers, including corticothalamic axons from layer VI, course through the patch network in the rostromedial sector of the striatum. Corticostriatal projections arise from two types of layer V cells: (i) long-range corticofugal neurons, whose main axons reach the brainstem and/or spinal cord, and (ii) neurons arborizing into both striatum and claustrum, either ipsi-, contra-or bilaterally. The axons of these two types of neurons arborize profusely in striatal patches and only sparsely in the matrix. Layer VI neurons do not arborize in the striatum but target principally the thalamus. The same corticothalamic axon can innervate the anterior, rostral intralaminar and mediodorsal thalamic nuclei. These findings support the concept that no corticofugal fiber system exists that is solely devoted to the striatum. They also shed new light on how neural information from prelimbic cortex is conveyed to various subcortical limbic structures in the rat.
Introduction
The cerebral cortex is known to project massively upon the striatum, which is the major recipient structure of the basal ganglia. It is through this massive projection that the cortex imposes upon the basal ganglia a functional ordering that is more or less maintained throughout the corticobasal gangliathalamo-cortical loop. Various studies dealing with the corticostriatal projection have led to different views that largely ref lect the level -topographical, associational, compartmental or laminar -at which the analysis was made (Kemp and Powell, 1970; Yeterian and Van-Hoesen, 1978; Gerfen, 1984 Gerfen, , 1989 Selemon and Goldman-Rakic, 1985; Goldman-Rakic and Selemon, 1986) . Despite the multitude of data that emerged from these studies, several fundamental questions remain to be answered regarding the anatomical organization of the corticostriatal projections. One of these questions relates to the number, laminar distribution and degree of collateralization of corticostriatal neurons; another issue concerns the areal and laminar origin of the corticostriatal projection in relation to the patch/matrix striatal compartments (Jones and Wise, 1977; Donoghue and Kitai, 1981; Royce, 1982 Royce, , 1983 Gerfen, 1984 Gerfen, , 1989 Royce and Bromley, 1984; Donoghue and Herkenham, 1986; McGeorge and Faull, 1989; Cowan and Wilson, 1994; Kincaid and Wilson, 1996) .
Recently, we used a novel injection procedure that produces Golgi-like labeled material and allows the tracing of single biocytin-labeled axons to study the projections arising from the second somatosensory (SII) cortex in the rat (Lévesque et al., 1996b) . Tracing axons of single neurons revealed the following principles regarding the organization of the corticofugal projection from the neocortical area SII: (i) all corticostriatal and corticothalamic projections arising from layer V cells are collaterals of long-range corticofugal axons that project below the thalamic level; (ii) all layer V cells that project to the thalamus also project to the striatum; and (iii) all layer VI corticothalamic cells project exclusively to the thalamus (Lévesque et al., 1996b) . In order to test the validity of these principles and to see if they are applicable to allocortical (or periallocortical) zones, we used the same injection procedure to study the projections arising from the prelimbic cortex (Cg3) in the rat. Our work had two main goals: (i) to expand upon our previous works on the organization of corticostriatal pathways by examining connections between the prelimbic cortex and the striatum, with a special emphasis on the relationship with the patch/matrix organization; and (ii) to visualize the axonal arborization of single corticothalamic axons that arise from Cg3 area in rat.
Materials and Methods
Fourteen Sprague-Dawley rats of either sex were used in the present study. A ll surgical procedures were performed under ketamine (75 mg/kg, i.m.) plus xylazine (5 mg/kg, i.m.) anesthesia. Microiontophoretic injections of biocytin (Sigma, St Louis, MO) or biotin-dextran amine (BDA; Molecular Probes, Eugene, OR) were made in lamina III, V or VI of the prelimbic cortex using the stereotaxic coordinates of the atlas of Paxinos and Watson (1986) . Ten rats received only one injection on each side, whereas four others received two rostrocaudally separated injections on each side of the brain. The area that was specifically targeted correspond to the anterior part of the cingulate cortex (Cg3), which is considered as part of the prefrontal cortex in the rat (Zilles, 1995) . The anesthesia and surgical procedures were performed according to the guidelines of the Canadian Council on Animal Care and our experimental protocol was approved by the Laval University Committee on Animal Research.
Microiontophoretic labeling was carried out with glass micropipettes (tip diameter 3-4 µm) filled with a solution of potassium acetate (0.5 M) plus 2% biocytin or 2% BDA. These electrodes had an impedance of 15-25 MΩ and were used to monitor the slow rhythmic burst discharges that characterize the spontaneous activity of layer V cells under ketamine anesthesia. Once in laminae V or VI, the pipette was connected to a high-compliance iontophoresis device (Neuro Data) and the tracer was ejected by passing positive current pulses of 300-400 nA (1 s on/1 s off) for 30 min. After a survival period of 24 h (biocytin) or 48 h (BDA), the animals received an overdose of sodium pentobarbital and were perfused with 500 ml phosphate-buffered saline (PBS, 0.1 M, pH 7.4) containing 0.5 ml heparin, followed by 1 l of a fixative containing 4% paraformaldehyde and 0.1% glutaraldehyde in phosphate buffer (0.1 M, pH 7.4). A fter a final wash with 400 ml of a 10% sucrose solution in phosphate buffer, the brains were dissected out and placed in a cr yoprotective solution (30% sucrose in phosphate buffer) until immersion. The brains were then sectioned horizontally at 50 µm on a freezing microtome and the sections processed for the visualization of biocytin or BDA according to the ABC-peroxidase histochemical protocol, then treated to reveal calbindin-D28k following standard immunohistochemical procedures (see Lévesque et al, 1996a ,b for further technical details). Nickel-intensified 3,3′-diaminobenzidine tetrahydrochloride (NiDAB) was used as the chromogen to reveal either biocytin or BDA (dark purple precipitate), whereas non-intensified DA B was used to detect calbindin (brown and diffuse precipitate). Sections were mounted on gelatin-coated slides and covered with Permount. Labeled neurons were drawn with a camera lucida using ×40 objectives. Their axonal fields were also mapped at low magnification to refer their position to corresponding planes in the atlas of Paxinos and Watson (1986) . A reference collection of Nissl-stained horizontal sections was also used to assess the location of labeled processes.
Results

General Features of the Labeling
A total of 35 injections sites were analyzed in the present study. Most injections sites consisted of a very small, centrally placed deposit of biocytin or BDA surrounded by four or five Golgi-like labeled neurons whose axon was intensely stained (Figs 3B and 6B) . Only the intensely stained axons that emerged from well-delineated cell bodies were serially mapped in the present study. The entire arborization of these axons could easily be traced without interruption throughout the various horizontal sections with the help of a drawing tube. Axons whose collaterals were intimately intermingled with collaterals of other axons were not taken into account so as to avoid problems of interpretation. However, this was not a real issue here because most axons coursed at a slightly different level in each 50 µm thick section and could be easily differentiated from another when examined at ×40. Despite the fact that reconstructing an entire axon takes time, any experienced investigator can successfully complete this task. In fact, analysis of the same material by two independent investigators in the present study led to virtually identical renderings. The Cg3 material was analyzed according to a procedure that has been applied successfully and for quite some time to the study of several other brain projection systems (see Parent et al., 1995 Parent et al., , 1996 Lévesque et al., 1996a) .
Most injection sites were located in the dorsal half of the Cg3 cortical area. They were centered upon layer V or layer VI and the length of the apical dendrite was the main morphological criterion used to distinguish layer V from layer VI pyramidal cells. As revealed by Golgi impregnation and various other labeling procedures (Jones, 1984; Ojima et al., 1992; show the exact location of a prelimbic and a somatosensory cortical neuron whose axons are traced in (C) and (F) respectively. The gray zones in (B) and (E) correspond to the overall striatal terminal field of each these cortical regions, whereas the black zones correspond to the specific striatal terminal zone of the axons traced in (C) and (F). Note the total absence of overlap between the terminal field of the prelimbic cortex, as determined in the present study, and the terminal field of the somatosensory cortex, as defined in a previous study (Lévesque et al., 1996) .
and Lévesque et al., 1996b) , the apical dendrites of layer V cells ramify in the molecular layer, while those of layer VI cells break off in the third layer. Thus, we rely on this feature to distinguish layer V from layer VI neurons in the absence of Nissl staining. At the depth of Cg3, however, the various cortical layers were very thin and closely apposed to one another so that the exact limit between layer III and layer V was difficult to trace. Thus, the term 'layer V' is used here to designate neurons belonging to layer V proper, as well as those lying in the deeper portion of layer III. Neurons in the Cg3 area were found to branch to many brain areas, but the present report concentrates strictly on corticostriatal and corticothalamic neurons. In the present study, the axonal arborization of 31 layer V and nine layer VI cells were entirely reconstructed, but several other axons from layer V and VI neurons were partially drawn so as to obtain a more global view of the branching pattern.
Corticostriatal Axons
The axons emerging from Cg3 labeled neurons arborize in a rather restricted striatal domain, which does not overlap with that of the corticostriatal fibers arising from SII, as visualized in a previous study undertaken using the same technical approach (Lévesque et al., 1996b) . The Cg3 corticostriatal axons terminate in a relatively small rostromedial sector of the caudate-putamen, whereas the SII fibers arborize in a rostrocaudally elongated domain occupying the dorsolateral portion of the striatum (Fig.  1) . Based on the pattern of their axonal arborization, the corticostriatal axons labeled following Cg3 injections can be classified into two distinct types: the long-range corticostriatal axons, and the cortico-striato/claustral axons. Both axonal types arise from layer V neurons and none of them have the striatum as their sole target. The long-range corticostriatal axons are strictly unilateral, whereas the cortico-striato/claustral axons arborize either ipsi-, contra-or bilaterally. These two types of corticostriatal neurons also differ by their somatodendritic domain. Long-range corticostriatal neurons have a perikaryon that is slightly larger and an apical dendrite that is significantly thicker than those of the cortico-striato/claustral neurons (Fig. 2 ). Despite these morphological differences, no clear sublaminar localization could be ascribed to these two corticostriatal neurons, which often appear side-by-side in layer V (Fig. 2) .
The long-range corticostriatal axons (n = 18) have a main trunk which on its way down to the cerebral peduncle emits highly branched collaterals to the striatum and poorly arborized collaterals to the globus pallidus, the thalamus and the substantia nigra (Fig. 3A,C) . The collaterals that branch in the striatum thin out as they leave the main axonal trunk and their numerous terminal segments are extremely fine, varicose and highly ramified. Collaterals that course towards the thalamus are also thin and branch in the midline thalamic area, particularly in the nucleus reuniens (Fig. 3C) ; they do not ramify within the reticular thalamic nucleus. Branches that reach the globus pallidus arborize mainly at the periphery of the structure, in Figure 2 . Photomicrographs of two biocytin-injected corticostriatal neurons lying in layer V of the rat prelimbic cortex. The two neurons -one cortico-striato/claustral (CSC) and one long-range corticostriatal (LRC) -are shown at a very low magnification in (A), whereas the different cortical layers of the same cortical region can be appreciated in a Nissl-stained adjacent section shown in (B). The morphological differences between the cortico-striato/claustral and the long-range corticostriatal neurons can be appreciated at intermediate (C) and high magnification (D). Both cortico-striato/claustral and longrange corticostriatal neurons have an apical dendrite that reach layer I, but this dendrite is much thicker in the case of the long-range corticostriatal neuron than in that of the cortico-striato/claustral neuron. Figure 3 . Camera lucida drawings of a corticostriatal neuron arising from layer V of the rat prelimbic cortex. After branching profusely into the striatum, the axon of this neuron sends collaterals into the globus pallidus (A), the thalamus, the substantia nigra and then continues its course into in the cerebral peduncle (C). The neuron whose axon has been traced here is indicated by an arrow in the photomicrograph (B), which also depicts the adjacent biotin-dextran injection site in Cg3. The relationship between the trajectory of this axon and the patch/matrix striatal compartments is shown in (D), which illustrates camera lucida drawings of four adjacent sections (45-48) taken in the rostromedial part of the striatum (see inset in A). The calbindin-rich matrix is illustrated in gray, whereas the calbindin-poor patches are in white. The labeled axon arborizes massively in the patches and only sparsely in the matrix. The photomicrographs in (E) and (F) show the relationship between this Cg3 axon and the patch/matrix striatal organization. A calbindin-poor patch surrounded by a calbindin-rich matrix is depicted in (F) (see inset in D-48), whereas part of the axon that courses through the matrix to reach this patch is illustrated at a higher magnification in (F) (see insert in E). The arrows in (F) point to some varicose axons coursing through both patches and matrix. The scale bars in (E) and (F) are 100 and 50 mm respectively. areas that correspond to the basal nucleus of Meynert, as identified in the atlas of Paxinos and Watson (1986) 
The cortico-striato/claustral axons (n = 13) project to both the striatum and the claustrum. The principal axon subdivides itself into two main branches as it penetrates the white matter overlying the striatum. One of these two main branches enters into the striatum directly from its dorsal surface, whereas the other courses through the external capsule surrounding the striatum before reaching the claustrum (Fig. 4) . The organization of this projection is rather complex because it is composed of axons that course either ipsi-, contra-or bilaterally. Numerous cortico-striato/claustral axons cross the midline within the genu of the corpus callosum. In the contralateral hemisphere, these axons often emit a branch in the Cg3 area and, as they course along the border of the striatum, give rise to some poorly branched collaterals into the striatum and finally arborize within the claustrum (Fig. 4) . A significant number of cortico-striato/ claustral axons do not cross the midline and arborize within the striatum and the claustrum ipsilaterally (Figs 4 and 5B,C). Other axons project to the ipsilateral striatum and contralateral claustrum, while another arborizes in the striatum bilaterally and in the claustrum contralaterally. A ll cortico-striato/claustral fibers have a restricted terminal domain in the claustrum, which is located at the rostral and mid dorsoventral levels of the structure (Fig. 5A) . The terminal fields of these fibers in the claustrum consist of thin, slightly varicose and poorly branched fibers (Fig. 5D ). These claustral terminal fields are much smaller than those formed by the collateral of the same fiber that enters into the striatum (Fig. 4) . In contrast, the patterns of arborization of the long-range corticostriatal and the cortico-striato/claustral fibers appear quite similar at the level of the striatum (Figs. 3A,  4B ).
Patch/matrix Organization
At the striatal level, both the long-range corticostriatal and the cortico-striato/claustral axons arising from Cg3 occur principally within the calbindin-poor patch network (Fig. 3D) . Their overall pattern of arborization relative to the patch/matrix compartments is similar; both types of axons arborize massively in the striatal patches and only sparsely in the matrix. Individual axons could be easily characterized by their trajectory throughout the compartments and by the fact that they form varicosities and terminal boutons in one or the other compartment. Most axons course principally within the patch network and their terminal branches form varicosities and terminal boutons in that striatal compartment (Fig. 6) . En route to the patches, some axons traverse the matrix boundary but did not form any varicosities or terminal boutons in that compartments. A few other corticostriatal axons form varicosities and terminal boutons in both striatal compartments, but more abundantly in the matrix (Fig.  3E,F) . Axons terminating solely in the matrix compartment could not be detected in our material. Even though layer VI cells in the Cg3 area do not project to the striatum, their axons nevertheless course within the striatal patch network (Fig. 6F) . These corticothalamic axons abound particularly in patches that surround the bundles of myelinated corticofugal and corticopetal fibers that are scattered throughout the striatum.
Corticothalamic Axons
Among axons traced from cells in layer VI of the Cg3 area (n = 9), none supply branches to the striatum. Layer VI neurons (see Fig. 6B ) emit long and nonvaricose axons that course exclusively within the calbindin-poor patch network in the rostromedial sector of the striatum. As they travel within the patch compartment, these axons remain virtually free of varicosities and did not display any axon terminals. As they leave the striatum, the axons give off a few terminal branches in the rostromedial part of reticular thalamic nucleus and arborize profusely in the anterior, rostral intralaminar and midline thalamic nuclei (Figs 6 and 7) . Besides terminals in the reticular nucleus, the same axon of layer VI neurons innervates the anteromedial, anteroventral, central medial, central lateral (dorsal part) and mediodorsal (lateral part) thalamic nuclei, and this profuse innervation is often bilateral (Fig. 7) . In some cases, however, single axons from layer VI neurons emit collaterals in the reticular thalamic nucleus and terminate in mediodorsal thalamic nucleus only (Fig. 6) . All corticothalamic neurons from layer VI in Cg3 display the same type of axonal network, which consists of several long branches studded with 'en passant' terminal boutons located at the tip of fine stalks (Fig. 6E) .
Discussion
The present single axon tracing study has validated some of the major principles concerning the organization of the striatofugal fiber system in rodents and has also revealed several novel aspects of the organization of the corticostriatal and corticothalamic projections from the prelimbic cortex in that species. The major findings can be summarized as follows: (i) the corticostriatal projection from Cg3 arises from axon collaterals of neurons that branch elsewhere; (ii) the corticostriatal projection from Cg3 originates from two types of neurons: long-range corticofugal neurons, whose main axon courses towards the brainstem and/or the spinal cord, and corticostriato/claustral neurons arborizing into both striatum and claustrum, either ipsi, contra-or bilaterally; (iii) layer VI neurons in Cg3 do not project to the striatum but target exclusively the thalamus; (iv) the corticostriatal projection from Cg3 is largely directed at the striatal patch compartment; and (v) all corticothalamic projections from layer V cells are collaterals of long-range corticofugal axons that also innervate the striatum and project below the thalamic level. Figure 8 provides a branching diagram that compares the various patterns of arborization of the long-range corticostriatal projections and the cortico-striato/claustral projections, as determined by single axon tracing study. The results of the present study will now be compared with results obtained with various techniques in different species.
Topographic Organization of the Corticostriatal Projection
The corticostriatal projection from the prefrontal cortex, including the prelimbic area, is known to be particularly massive and highly patterned (Goldman and Nauta, 1977; Künzle, 1975 Künzle, , 1977 Künzle, , 1978 Künzle and Akert, 1977; Yeterian and Van Hoesen, 1978; Beckstead, 1979; Ragsdale and Graybiel, 1981; GoldmanRakic, 1982; Gerfen, 1984 Gerfen, , 1989 Room et al., 1985; Selemon and Goldman-Rakic, 1985; Arikuni and Kubota, 1986; Donoghue and Herkenham, 1986; McGeorge and Faull, 1989; Eblen and Graybiel, 1995; Gerfen and Wilson, 1996) . Detailed anterograde labeling studies in rats revealed that the striatal projection from the prelimbic area is topographically organized; its dorsal part projects principally to the rostromedial aspect of the caudateputamen complex, whereas its ventral part projects mostly to the ventral striatum, including nucleus accumbens (Berendse et al., 1992) .
In accordance with these findings, the present study has shown that individually labeled axons arising from the dorsal part of Cg3 terminate in a restricted rostromedial sector of the striatum, which is distinct from the rostrocaudally elongated domain occupied by the SII fibers in the dorsolateral portion of the striatum (Lévesque et al., 1996b) . These data indicate that inputs from prelimbic and somatosensory cortices remain segregated at the striatal level, a finding that concurs with the view that corticostriatal projections impose upon the striatum a functional subdivision into sensorimotor, associative and limbic territories that is more or less maintained throughout the basal ganglia.
Cellular Origin and Axonal Collateralization of the Corticostriatal Projection
It is currently believed that striatal projections from the cerebral cortex arise from at least three different types of layer V pyramidal neurons: (i) neurons whose main axon courses through the cerebral peduncle and contributes fine collaterals to the striatum; (ii) bilaterally projecting corticostriatal neurons; and (iii) corticothalamic neurons with collaterals to the striatum (Gerfen and Wilson, 1996) . Neurons of the third type appear to have been documented only by a retrograde double-labeling procedure (Royce, 1993; Royce and Bromley, 1984) , whereas neurons of the first two types are said to have been demonstrated by tract-tracing, intracellular labeling and antidromic invasion methods (Jones and Wise, 1977; Jinnai and Matsuda, 1979; Kitai et al., 1976; Donoghue and Kitai, 1981; Royce, 1983; Gerfen, 1984 Gerfen, , 1989 Royce and Bromley, 1984; Arikuni and Kubota, 1986; Donoghue and Herkenham, 1986; Wilson, 1987; McGeorge and Faull, 1989; Cowan and Wilson, 1994; Gerfen and Wilson, 1996; Kincaid and Wilson, 1996) . Of these three types of corticostriatal neurons, the bilaterally projecting ones are believed to contribute more heavily than the others to the striatal innervation (Gerfen and Wilson, 1996) .
The results of the present study support the ideas that there exist several types of corticostriatal neurons and that none of them have the striatum as their sole target. In fact, none of the 31 layer V labeled cells from the prelimbic cortex were found to project only to the striatum; all labeled axons reached either the cerebral peduncle or the claustrum after arborizing in the striatum. The same pattern was found after single axon tracing study of the corticofugal projections from the rat SII cortex (Lévesque et al., 1996a,b) . In that particular case, none of the 54 layer V labeled axons were seen to terminate in the striatum only. Likewise, after tracing 62 single axons from layer V neurons of the rat primary motor cortex (MI), striatal terminal fields were all derived from axons that also invade the cerebral peduncle (M. Lévesque, M. Deschênes and A. Parent, unpublished observations) . Altogether, these data suggest that the corticostriatal innervation from both allocortical and neocortical areas arises from collaterals of corticofugal axons arborizing elsewhere in the brain and that this organizational principle governs corticostriatal projections arising from all the different cortical areas in rodents. This general rule implies that the striatum receives an efferent copy of the cortical information that is conveyed to various other brain centers, including the thalamus and the brainstem.
The present data, together with those of our previous investigations (Lévesque et al., 1996a,b) indicate that pyramidal-tract neurons contribute massively to the striatal innervation. Indeed, the axons of virtually all layer V neurons labeled in the somatosensory and motor cortices were found to contribute collaterals to the striatum before invading the brainstem (Lévesque et al., 1996a,b; M. Lévesque et al., unpublished observations) . The same appears to be true for allocortical areas since, except for neurons projecting to the claustrum, all layer V pyramidal neurons in Cg3 identified in the present study had an axon that provided collaterals to the striatum before entering the brainstem. Furthermore, the only Cg3 corticothalamic neurons that contributed collaterals to the striatum were also long-range pyramidal-tract layer V neurons with a main axon that provides collaterals to the thalamus before invading the cerebral peduncle. The cortico-striato-claustral neurons, however, appear to represent a novel subtype of bilaterally projecting corticostriatal neurons (see below).
Claustrum and Basal Ganglia
The claustrum is reciprocally linked with virtually all areas of the cerebral cortex (Riche and Lanoir, 1978; Pearson et al., 1982; Sherk, 1986; Minciacchi et al., 1991) and comprises discrete somesthetic, visual, auditory and limbic zones (Olson and Graybiel, 1980; LeVay and Sherk, 1981) . It also projects to several subcortical structures, including the intralaminar and anterior thalamic nuclei, the lateral hypothalamus and the basal nucleus of Meynert (Irle and Markowitsch, 1982; Sherk, 1986) , which also receive direct inputs from Cg3, as demonstrated in the present study. Altogether, these findings indicate that the claustrum is a crucial relay in a complex, polymodal, corticosubcortical circuitry conveying and integrating limbic and somatosensory types of neural information. The existence of frontal cortical areas projecting to both the striatum and claustrum has been demonstrated by various anterograde tract-tracing methods in several species (Künzle and Akert, 1977; Jurgens, 1984; Selemon and Goldman-Rakic, 1988; Stanton et al., 1988) . However, the question of knowing if the same neurons in the frontal cortex project to both the striatum and the claustrum has never been directly addressed, at least to our knowledge. The present study has provided the first evidence of cortical neurons projecting to both the striatum and the claustrum at the single cell level. This projection was found to arise from a new type of corticofugal neuron -the cortico-striato/claustral neuron --whose inf luence is exerted either ipsi-, contra-or bilaterally. As mentioned above, the cortico-striato/claustral neuron is probably a subtype of the bilaterally projecting corticostriatal neurons identified by others (see Gerfen and Wilson, 1996) . This finding suggests that Cg3 neurons are able to send efferent copies of the same neural information to both the claustrum and the striatum, indicating that the claustrum is not totally oriented towards the cerebral cortex and may share more similarities with the striatum than currently thought.
Corticostriatal Projections and Patch/Matrix Striatal Compartments
It is currently believed that most cortical areas innervate both patches and matrix, with patch-oriented neurons abounding in the deep parts of layer V (sublayer Vb, and also layer VI) and matrix-directed neurons prevailing in the superficial parts of layer V (sublayer Va, and also layers II and III) in each cortical area (Gerfen, 1984 (Gerfen, , 1989 Wilson, 1987; Cowan and Wilson, 1994; Gerfen and Wilson, 1996; Kincaid and Wilson, 1996) . It is also assumed that the proportion of these two types of corticostriatal neurons varies in the different cortical areas. The superficial matrix-projecting neurons are believed to be more numerous than the deep patch-projecting neurons in primary motor and sensory cortical areas, whereas the inverse is thought to occur in allocortical and periallocortical areas, such as the prelimbic cortex (Gerfen, 1984 (Gerfen, , 1989 . This type of organization predicts that the prelimbic area of the prefrontal cortex should provide a dense innervation to the striatal patches and only a modest innervation to the matrix, which is exactly what was found in the present single-axon tracing study. Both the long-range and the cortico-claustro-striatal neurons lying in layer V of Cg3 were found to innervate massively the striatal patches and only sparsely the matrix. In contrast, a massive matrix innervation was seen after similar injections in SII (Lévesque et al., 1996b) and MI (M. Lévesque et al., unpublished observations) .
Our results gathered in rodents appear at odds with earlier findings obtained in monkeys, which show that the primate prefrontal cortex projects massively to the matrix, but has no significant input to the patches (Ragsdale and Graybiel, 1981; Goldman-Rakic, 1982; Selemon and Goldman-Rakic, 1985; Parthasarathy et al., 1992) . However, a recent and detailed analysis of the prefrontostriatal projections in cynomolgus monkeys combining tract-tracing methods with neurochemical markers for the patches and matrix has singled out two parts of the frontal cortex as projecting densely to the patch (or striosome) compartment: (i) the posterior orbitofrontal/anterior insular cortex; and (ii) the mediofrontal prelimbic/anterior cingulate cortex (Eblen and Graybiel, 1995) . Nearly all the remaining parts of the prefrontal cortex studied projected to the matrix compartment.
Corticothalamic Projections
The present study has provided the first detailed description of the arborization of single axons from the prelimbic cortex into the thalamus. Our data reveal that the corticothalamic projections from prelimbic cortex arise principally from layer VI cells and are composed of axons that branch profusely and bilaterally within the anterior nuclear group and provide less arborized collaterals to the mediodorsal nucleus, the rostral intralaminar nuclei and some midline nuclei. These various thalamic nuclei have already been identified as recipients of prelimbic inputs in various species (Jacobson and Trojanowski, 1975; Baleydier and Mauguiere, 1980; Room et al., 1985; Sesack et al., 1989) . The fact that individual axons from Cg3 can convey the same type of information to virtually all of these thalamic targets stands out as a unique feature of the organization of the prelimbic corticothalamic fiber system. Also remarkable is the fact that all layer VI Cg3 corticothalamic axons course through the striatal patch network on their way to the thalamus. However, layer VI corticothalamic axons traced in the present study did not arborize in striatal patches, nor elsewhere in the striatum. A less prominent thalamic input from Cg3 derives from axon collaterals of layer V pyramidal cells that also innervate the striatum and whose major axon descend within the brainstem. These thalamic collaterals arborized principally in the nucleus reuniens.
Because of their connections with various cortical and subcortical limbic areas, the anterior thalamic nuclei and the mediodorsal nucleus are thought to be crucial links in the limbic system circuitry (Armstrong, 1990; Vogt et al., 1992) . The anterior thalamic nuclei, in concert with the mediodorsal nucleus, may thus play a central role in mnemonic and attentional processes.
Notes
